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ABSTRACT: The mechanism of thermal conductivity in amorphous polymers, especially polymer 
fibers, is unclear in comparison with that in inorganic materials. Here, we report the observation of 
across over of heat conduction behavior from three dimensions (3D) to quasi-one dimension (1D) in 
Polyimide(PI) nanofibers at a given temperature. A theoretical model based on the random walk 
theory has been proposed to quantitatively describe the interplay between the inter-chain hopping 
and the intra-chain hopping in nanofibers. This model explains well the diameter dependence of 
thermal conductivity and also speculates the upper limit of thermal conductivity of amorphous 
polymers in the quasi-1D limit. 
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Polymers are widely used materials due to their fascinating properties such as low mass density, 
chemical stability, and high malleability etc
1
. Unfortunately, the relatively low thermal conductivity 
of polymer, which is in the range of ~0.1 Wm
-1
K
-1
 to ~0.3 Wm
-1
K
-12-4
, limits its application in 
thermal management. The low thermal conductivity of polymer is considered to be one of the major 
reasons for the thermal failure in electronic devices
5, 6
. Therefore, thermally conductive polymers are 
highly demanded for heat dissipation in microelectronic and civil applications. 
Contradicting to common wisdom, polymer nanofibers hold surprisingly high thermal conductivity, 
some of which are even comparable to that in some metals or even silicon. Choy and his co-workers 
carried out the pioneer theory and experiments to demonstrate that the alignment of molecular chains 
could enhance the thermal conductivity along the alignment direction
7-9
. The increasing of the 
thermal conductivity is attributed to the increase of the degree of crystallinity in following 
experimental works
1, 10-12
. Cai et al. also observed thermal conductivity enhancement in polyethylene 
nanowires fabricated by the improved nanoporous template wetting technique, due to the high chain 
orientation arising from crystallinity
13, 14
. More recently, Singh et al. demonstrated that better 
molecular chain orientation could also improve the thermal conductivity when polymer fibers remain 
amorphous
4
, which indicates that it is also of significance to study the intrinsic mechanism of 
thermal conductivity in amorphous polymer. All these pioneering works indicate that the thermal 
properties in polymers are highly related to their microscopic configurations, and thermal 
conductivity is limited by the molecular orientation and inter-chain scatterings
15, 16
. 
It was also found through Molecular Dynamic(MD) simulation that the chain conformation would 
strongly influence thermal conductivity
17, 18
. However, very few theories have been proposed to 
quantitatively study the structure-dependence of thermal conductivity in amorphous polymers 
because of their complex intrinsic structure. Alternatively, theories for amorphous inorganic 
materials such as heat transfer by diffusions
19, 20
, the minimum thermal conductivity model
21-23
 and 
phonon-assisted hopping model
24-26
 have been borrowed to qualitatively explain the thermal 
conductivity of amorphous polymers
4, 27, 28
. Compared to the unique type of hopping in inorganic 
amorphous materials, there are two types of hopping processes in bulk polymers, i.e. intra-chain and 
inter-chain hopping processes, which together with their interplay play an important role in the 
thermal conductance. Therefore, it is not yet totally clear the mechanism of the enhancement of 
thermal conductivity in polymer nanofibers and the upper limit of such enhancement when the 
polymer is stretched. 
 
 Figure 1.Schematic picture of the electrospinning setup and details of amorphous PI nanofibers. (a) Schematic of 
anisotropic quasi-one-dimensional thermal diffusion in the nanofibers with small diameters. All the molecular 
chains are aligned along the fiber-axis. Blue arrow denotes the hopping between neighboring localization centers 
within the chain and only intra-chain hopping could happen in this case. (b) Schematic of the quasi-isotropic 
thermal diffusion in nanofibers with large diameters. The molecular chains are randomly oriented and entangled 
with each other. Heat carriers hop equally to every direction and there is also possibility of inter-chain hopping 
denoted by red arrow. (c) The setup of eletrospinning. Nanofiber was collected on the two suspended membranes 
(insert of Figure 1c), which act as heater and temperature sensor during thermal conductivity measurement. 
(d)Three-dimensional structural map of PI.(e) SEM image of PI nanofiber. The scale bar is 10μm. Red circle marks 
the position of single PI nanofiber. (f) Enlarged SEM image of the PI nanofiber shown in (e). The scale bar is 30 
nm. 
 
Thanks to the development of experimental techniques, it is possible to characterize the thermal 
conductivity of ultra-thin polymer nanofibers. To test the microstructure dependence of thermal 
conductivity, it is straightforward to look into the diameter dependence of thermal conductivity in 
nanofibers through spinning or ultra-drawing
7, 8
, during which processes the entanglement of chains 
could be much reduced by adjusting controllable parameters such as the static-electrical field and 
draw ratio
29, 30
. In this paper, we systematically investigate the microstructure dependence of thermal 
conductivity in PI nanofibers for different diameters. The diameter of the obtained PI nanofibers 
ranges from 31nm to 167nm (see Table S1)and the length of the obtained PI naonfibers are illustrated 
by Table S2. Molecular chains in thin nanofibers tend to align along the fiber axis with less 
entanglement as Figure1a demonstrates, while chains in thicker nanofibers are randomly oriented 
and entangled with each other as is illustrated by Figure 1b. 
Figure1c presents the schematic diagram of the electrospinning setup. Due to the static-electrical 
force introduced by high electrical voltage, the suspended PI nanofibers were formed across the two 
SiNx membranes. These two SiNx membranes were covered by platinum(i.e. the electrical ground). 
This was the key step where molecular chains tend to align along the axis of the nanofiber. There 
might be several PI nanofibers passing through the gap of the middle of device after electrospinning. 
In our experiments, only one nanofiber is left and others will be cut by a nanomanipulator with a 
tungsten needle(see Figure S1). Figure1d depicts the three-dimensional structural map of PI. It shows 
large conjugated aromatic bond in a PI structure which could help to enhance the thermal 
conductivity of PI nanofibers
31
. 
 Figure 2.Thermal transport of PI nanofibers with different diameters as a function of temperature. (a) Thermal 
conductance of PI nanofibers.The olive green rhombus points exhibit the thermal radiation measured by the 
differential circuit configuration with high vacuum (on the order of 1×10
-8
mbar). (b) Thermal conductivity of PI 
nanofibers excluding thermal radiation for two samples:No. Ⅱd=37nm,L=14.8um;No. Ⅸd=167nm, L=15.2um, 
respectively (the morphology details of other samples were illustrated in TableS1 and S2). Solid lines are fitted 
byκ~T
λ
with λ=0.84±0.14and 0.31±0.02 for samples with diameters d=37nm and 167nm, respectively. Error bars are 
estimated based on uncertainties associated with the fiber diameter and temperature uncertainty (see Section S1; 
Table S1 and S3). 
Thermal conductivity along the fiber axis was measured by traditional thermal bridge method
32-34
 
(Figure 1e and 1f). The whole device was placed in a cryostat with high vacuum on the order 
of1×10
-8
 mbar to reduce the thermal convection. To increase the measurement sensitivity, the 
differential circuit configuration(see Section S2; Figure S2a) was used and the measurement 
sensitivity of thermal conductance would decrease from ~1nW/K to 10pW/K (see Section S2; Figure 
S2b)
33, 35
. In our experiment, thermal conductance of PI nanofibers with different diameters is on the 
order of 1×10
-10
W/K (Figure 2a). To eliminate the effect of thermal radiation, a blank suspended 
device was used to probe standard thermal radiation in a wide temperature range. The measured 
thermal radiation between the two suspended membranes in the blank device is around ~100 pW/K 
at room temperature. This result is a few times lower than that observed by Pettes et al.
36
, probably 
due to better vacuum level which would reduce air conduction and convention. In order to illustrate 
the effects of thermal contact resistance, two approaches were used to simulate the temperature 
distribution of the suspended membranes and calculate the thermal contact resistance at the 
Platinum/PI nanofiber interface. These two approaches verified that the thermal contact resistance 
held a negligible contribution of the total measured thermal resistance(see Section S3,S4; Figure S3 
and S4;Table S4). 
The measured thermal conductivity increases monotonously with temperature T, which is a typical 
feature of amorphous material as Figure 2b shows. The amorphous character of PI may arise from 
the defects and random bond angles within the chain, as well as the complex entanglement between 
chains. Furthermore, we find that the thermal conductivity varies with temperature as κ~Tλ, where λ 
varies from 0.31±0.02 to 0.84±0.14 as the diameter changes. For the thick nanofiber with diameter 
d=167nm, the power law dependence T
0.31
 agrees with the experimental measurement from Singh’s 
group
4
. As the diameter decreases, the power index is approaching to 1, which coincides with the 
prediction of hopping mechanism
24-26
. 
To look inside into the intrinsic dominant mechanism of thermal transport, the diameter dependence 
of thermal conductivity at room temperature is systematically investigated and the results are shown 
in Figure 3. The thermal conductivity of PI nanofibers is close to that of bulk PI when diameters are 
larger than 150nm. It increases dramatically as the diameter decreases, and reaches an order of 
magnitude larger than that in bulk PI when diameters are smaller than 40nm. Similar result was also 
observed in electrospun Nylon-11 nanofibers
12
, which suggested that stretching process could induce 
more ordered molecular chains in polymers, confirmed by high-resolution wide-angle X-ray 
scattering. 
 
 
Figure 3. Dimensional crossover of thermal conductivity of PI nanofibers at room temperature. (a)The diameter 
and length detailsof PI nanofibers were illustrated in TableS1 and S2. The gray shadowed bar represents the thermal 
conductivity of bulk PI within the range of 0.1-0.3Wm
-1
K
-1
. Rhombus (left axis and bottom axis) represent 
experimental data. Olive solid line (left axis and bottom axis) and pink dash line (left axis and bottom axis) are 
fitted by equation (1) with different parameterΞ. Red triangles (right axis and upper axis)denote thermal diffusivity 
obtained from random walk simulation (Details about the random walk simulation are included inFigureS5;Table 
S5; SectionS5). (b) Dual-logarithm thermal conductivity versus diameter. The olive line is fitted by equation(1). 
 
To describe the diameter dependence of thermal conductivity quantitatively, we propose a theoretical 
model based on random walk theory to incorporate the diffusion of phonons through hopping 
mechanism. We are aware of that the lattice vibrations in disordered systems without periodicity do 
not have dispersion but the terminology of “phonon” is still usable to describe energy quanta. 
Considering a complex network with a large number of entangled macromolecular chains, phonons 
transport across this complex network through hopping process. Note that there are two different 
type of hopping: intra-chain hopping that phonon hops between localization centers within a single 
chain, as shown in Figure 1a; and inter-chain hopping that phonon hops from one chain to another 
chain, as shown in Figure 1b. According to the random walk theory, the thermal diffusivity along 
fiber axis is defined as
37
 𝛼 =
1
Z 
𝛤tot𝑅 
2, where Z  is the average effective coordination number along 
fiber axis, 𝑅  is the average hopping distance and 𝛤tot  is the temperature dependent total hopping 
rate. In our simplified model, we do not consider the difference of hopping rate between inter- and 
intra-chain hopping processes. Note that the inter-chain hopping process is usually happened at cross 
links of chains, in which case the hopping distance is negligible compared to that of intra-chain 
hopping process, it is reasonable to assume that 𝑅  is mainly determined by the intra-chain hopping 
distance 𝑅intra . The diameter dependence of Z  is described by an empirical function Z =
 2f 𝑑 + 1  Ξf 𝑑 + 2 , where f(𝑑) = 1 − 2/{1 + exp[(𝑑 − 𝑑0)/𝛬]} for 𝑑 > 𝑑0 . In the above 
expression,  𝑑0 is the critical diameter under which the diffusion converges to quasi-1D, 𝛬 is 
changing rate of the transition from quasi-1D to 3D and Ξ  denotes the average number of 
inter-chain hopping sites. The average nearest inter-chain neighbor Ξ should be determined from the 
real configuration of polymer chains. From complex network theory, the number of nearest 
inter-chain neighbors should be 6~10
38
. For further validation, numerical simulations in generating 
polymer chains are required. The current form of f(𝑑) could successfully describe the transition 
from 3D to quasi-1D. When 𝑑 = 𝑑0, f 𝑑 = 0 meaning that the system is quasi-1D and there is no 
inter-chain hopping. When d approaches infinite, f(𝑑) saturates to 1, corresponding to the 3D 
system. We should stress that our empirical function is definitely not the unique one but it is one of 
the best ones (like always the case in inverse problem) that fits the experimental data optimally. The 
thermal conductivity is expressed by 𝜅 = 𝛼𝜌𝐶𝑝  where 𝛼 is thermal diffusivity, 𝜌 is mass density 
and 𝐶𝑝  is specific heat capacity
39
, thus thermal conductivity is inversely proportional to Z  (Details 
are given in Section S6),  
𝜅 𝑑 =
2𝜅quasi −1D
Z 
.                            (1) 
Note that f 𝑑 = 0 when 𝑑 ≤ 𝑑0, the thermal conductivity converges to 𝜅quasi −1D . It means that 
the thermal conductivity could not be infinitely increasing with the decreasing of fiber diameter. 
There exists an upper limit for thermal conductivity of electrospun PI, corresponding to the 1D 
intra-chain diffusion, where the average effective coordination number along fiber axis is 2. In this 
limit, all polymer chains are well aligned and the inter-chain interactions are negligible. To verify the 
validity of our model, we fit the experimental results with equation (1). The fitting parameters are 
listed in Table 1. Our model fits well with the experimental data as the lines in Figure 3a show. 
We also do a random walk simulation and obtain the dimensionless thermal diffusivity. The details of 
simulation are included in Section S5. The exact value of thermal diffusivity of bulk PI is 𝛼𝑏𝑢𝑙𝑘 =
0.0775 mm2s−1 , estimated from the observed thermal conductivity of bulk PI 
𝜅PI = 0.12 Wm
−1K−1, density of bulk PI 𝜌PI = 1.42 × 10
3  kg m−3, and specific heat capacity of 
bulk PI 𝐶𝑝PI = 1.09 × 10
3  J kg−1K−1 40. Nanofibers with diameter smaller than 𝑑0  exhibit 
quasi-1D thermal transport behavior, while nanofibers with diameter much larger than d0+Λ tend to 
behave like bulk polymers. A crossover of heat conduction from quasi-1D to 3D is only apparent in 
the range 𝑑0 ≤ 𝑑 ≲ 𝑑0 + 𝛬. The magnitude of critical diameter 𝑑0 and parameter 𝛬 is related to 
the radius of gyration Rg of macromolecular chains, which is typically on the order of tenth of 
nanometers
41
. Rg is determined by the structure of monomers, the bond angle between monomers, the 
length of single chain, and the process condition such as applied voltage in electronspinning. When 
𝑑 > 𝑑0 + 𝛬 ≥ 2𝑅g , bulk like polymer nanofibers can be realized since macromolecular chains can 
easily gyrate. When d<d0, macromolecular chains can hardly gyrate and the chains prefer to lie along 
the fiber axis. 
 
 
 
 
Table 1. Fitting parameters obtained by fitting the experimental data in Figure 3a with equation (1) 
𝚵 𝜿𝒒𝒖𝒂𝒔𝒊−𝟏𝑫(𝐖𝐦
−𝟏𝐊−𝟏) 𝒅𝟎 (𝐧𝐦) 𝜦 (𝐧𝐦) 
𝟔 3.0 ± 1.6 39 ± 13 62 ± 31 
𝟖 3.6 ± 2.2 34 ± 12 66 ± 36 
 
A crossover of heat conduction from 3D to quasi-1D has been observed experimentally in amorphous 
polymer nanofibers obtained from electrospinning. This behavior has been quantitatively explained 
by a model based on random walk theory in which both inter-chain and intra-chain hopping 
processes are considered. Two important fitting parameters, i.e. d0 and Λ, are obtained as the 
characterization length of the dimensional transition. Our theory successfully testifies that the 
hopping mechanism based on random walk picture is valid and it is useful to explain the diameter 
dependence of thermal conductivity in nanofibers. Nevertheless, there are still many open questions 
deserving requiring further investigations. First, the temperature dependence of thermal conductivity 
has not been well explained and it requires deeper and quantitative understanding of the inter-chain 
thermal transport mechanism. Second, the four parameters in the empirical function require 
validation from further simulations and experiments. For example, 𝜅quasi −1D is closely related to the 
thermal conductivity of single chain, and it is possible to be obtained from molecular dynamics; Ξ, 
d0 and Λ are determined by the configuration of polymer chains which requires research on polymer 
condensed matter physics and thermal measurements on much thinner polymer fibers. 
 
Experimental Section 
Thermal conductivity measurement 
The PI nanofibers fabricated by electrospinning method were served as bridge to connect two 
Platinum/SiNx membranes (Figure1e). These two membranes were regarded as thermometers. A DC 
current of a slow change step combined with an AC current (1000nA) was added to one of the 
membranes served as heater resistor (Rh, the left Platinum coil shown in Figure 1c). The DC current 
was applied to provide Joule heat and also to increase its temperature (Th).The AC current was used 
to measure the resistance of Rh. Meanwhile, an AC current of the same value was applied to another 
membrane served as sensor resistor (Rs, the right Platinum coil shown in Figure 1c),to probe the 
resistance of Rs. The Joule heating in Rh gradually dissipated through the six Platinum/SiNx beams 
and the PI nanofiber, which would raise the temperature in Rs (Ts).At steady state, the thermal 
conductance of PI nanofibers (σPI) and the thermal conductance of suspended beam (σl) could be 
obtained by 
 
𝜎l =
𝑄
∆𝑇h + ∆𝑇s
 
and 
 
𝜎PI =
𝜎l∆𝑇s
∆𝑇h − ∆𝑇s
 
where, ΔTh and ΔTs indicate the temperature rise in the Rh and Rs, Q is the Joule heat applied to the 
heater resistor and one of the Platinum/SiNx beams. 
 
Electrospinning 
To fabricate nanoscale PI fibers with controllable diameter and chain orientation, we utilized 
eletrospinning using a commercialized electrospinner. The solvent, mixture of PI and 
Dimethylformamide (DMF) solution, was prepared with concentration from 45% to 80%, followed 
by all night stirring to guarantee PI molecules and DMF solvent mixed completely. The diameter of 
PI nanofiber should increase with the increasing of PI molecules weight ratio. 
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 Section S1.Thermal conductivity uncertainty 
 
The error bars are determined by: 
1. Temperature uncertainty (~5%) 
We used the same experimental setup as P.Kim and L.Shi
1
, in which the thermal conductivity of 
single nanotube wasmeasured for the first time. This measurement setup has been tested to be 
one of the most successful techniques in measuring thermal transport properties of single 
nanotube, nanowire and nanofiber. In our experiments, the temperature uncertainty is between 
1.8% to 2.7% in all samples(see Table S3). Considering the effects of system noise and 
temperature fluctuation of the base temperature in cryostat, we simply assume 5% temperature 
uncertainty in our experiments.  
 
2. Error bars of thermal conductivity 
The thermal conductivity uncertainty of PI nanofibers is composed of the temperature uncertainty 
and the diameter uncertainty of PI nanofibers. Here, the diameter uncertainty is measured by 
SEM(see Table S1). The uncertainty in the thermal conductivity of each PI nanofiber is estimated 
using formula as follow:  
1. 
22 )2(+)(=
d
d
G
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Where δκ is the uncertainty in the thermal conductivity, G is the thermal conductance of PI 
nanofibers, δG is the uncertainty in the thermal conductance which is induced by temperature 
uncertainty in our experiment. d is the diameter of PI nanofibers, δd is the uncertainty in the 
diameter of PI nanofibers when measured by SEM. Therefore, the uncertainty in thermal 
conductivity is from 9% to 23% in all samples. The high uncertainty in thermal conductivity up 
to 23% is due to the increased difficulty in measuring the diameters under SEM when the 
diameter of the nanofiber is less than 40nm. It should be emphasized that the uncertainty in all 
sample are within expectations. 
 
Section S2.The differential circuit configuration 
 
Our experiments adopt a differential circuit configuration(Figure S2a) to offset the nominal 
resistance of the sensor membrane which could help to achieve a higher resolution. The measurement 
results of the differential circuit configuration in our experiments are shown in Figure S2b. Black 
dashed line represents the results of standard thermal bridge method whose resolution fluctuation 
approach to 100mK(this result is directly relevant to the temperature drift, the stability of power 
supply as well as the grounding of system.); Red dot line represents the data of the differential circuit 
configuration and its accuracy is about 5mK. Simultaneously we found the temperature drift of 
cryostat is about 70mK in 10 minutes. It has been clarified that the temperature drift of the system 
could affect the experimental error, especially for the high resolution measurement. To this end, we 
place a variable resistor (Rf) in series with the sensor in the cryostat. In this case, the temperature 
drift could affect both the sensor membrane and the variable resistor (Rf). When the sensor resistance 
is consistent with resistor resistance(Rf), the effect of temperature drift could be negligible, as shown 
in the Figure S2b, the blue solid line represents the measurement resolution approach to 2mK. 
Because of this high measurement resolution, the measured sensitivity of thermal conductance 
decreases to 10pW/K. 
Section S3. Finite Element Simulations (COMSOL Multiphysics 5.2) 
 
The Figure S3 shows temperature distribution in the suspended structure (Rh, Rs and the PI 
nanofiber). Figure S3a exhibits the schematic of the structure. The temperature rise on the heater 
membrane is 9.797K. Here, the temperature distribution changes within 0.2% both on Rh and Rs 
membranes (shown in the Figure S3b), thus we could take the temperature distribution as a constant 
and need no more correction on the measured temperature rise (ΔTh ,ΔTs) in our experiments. Figure 
S3c and S3d illustrate the temperature distribution on the suspended PI nanofiber. 
In order to illuminate the effects of thermal contact resistance in our experiments, the Finite Element 
Simulation was carried out to calculate thermal resistance of the suspended PI nanofiber. The 
simulation results were exhibited in Figure S4. The thermal conductivity of platinum could be 
obtained from the Weidemann-Franz law and its thermal conductivity is calculated to be 23.2 
Wm
−1
K
−1
, based on following simulation.  
For the simulation, the temperature distribution of the suspended structure is calculated for different 
set values κs(the set values of thermal conductivity in PI nanofiber ranging from 0.02Wm
-1
K
-1
 to 
100Wm
-1
K
-1
). The thermal resistance of PI nanofiber(d=37nm) Rm(=1/Gm)is plotted as function of 
the set value κs, from which the value Gm can be obtained asGm = Q × ∆Ts/(∆Th
2 − ∆Ts
2) , where 
Q is the Joule heat applied to the heater, ΔTh and ΔTs are average temperature rise on the two 
membranes which was obtained from simulation.  
Here we can see, the Rm contains both sample resistance and total thermal contact resistance, and Rs 
could be calculated from κs. When Rs close to zero, the y-axis intercept could represent the total 
thermal contact resistance. In Figure S4,Rm shows a linear dependence on Rs. The total thermal 
contact resistance approach to 1.31×10
7
K/W at 300K and increase to 1.28×10
8
K/W at 50K.Based on 
our model, the thermal contact resistance contribute<1%to the total measured thermal resistance of 
sample in a wide temperature range. 
 
Section S4. Thermal contact resistance 
 
To be consistent and eliminate the sample-to-sample variation in contact resistance, the data were 
collected from the same batch of Polyimide solution and also from the same SiNx wafers, each of 
them integrated with 6×7 devices array with different gaps. 
The thermal contact resistance Rc between the PI nanofibers and the two membranes (Rh and Rs) can 
be calculated using a fin thermal resistance model
2,3
: 
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where Rc is thermal contact resistance, the number 2 in Rc /2 indicate two contacts on the two sides 
of PI nanofibers, κ is thermal conductivity of PI nanofibers, A is the contact area between sample and 
electrode, w is the sample width, lc is the contact length, and Rinterface is the thermal interfacial 
resistance. 
Here, we assume that room temperature thermal interfacial resistance of PI/platinum/SiNx interface 
in our devices is within the range from 6.4×10
-8
m
2
KW
-1
 to 9.7×10
-8
m
2
KW
-1
 in metal-organic 
interface
4
.From this, the thermal contact resistance(Rc) in our samples is calculated to 
be~1.9×10
7
KW
-1 
to 1.7×10
7
KW
-1
 which accounts for～0.6% to 2.7% of the total measured thermal 
resistance(Rtot) in samples at room temperature. The contribution of the thermal contact resistance to 
the total thermal resistance of each sample been shown in Table S4. 
 
Section S5.Random walk simulation 
 
A random walk simulation has also been done to check the validity of our model. Instead of building 
a complex structure of entangled chains, we manipulate it to the inter-chain coordination number 
Z inter (𝑑 ) = Ξ f(𝑑 ) and confinement effect in radius direction. The confinement in radius direction is 
characterized by the reduced diameter𝑑 =  𝑑/𝑑0 and it is realized by an elastic collision boundary 
condition. Every step we generate a random number to determine the next position, and after N steps, 
we calculate the squared displacementx2 along the fiber axisfrom the start point. Another 10000 
times of the previous procedure are done to obtain the average  x2 , and thermal diffusivity is 
calculated by α =
 X2 
2N
. The diameter confinement effect could be explained by Figure S5 and Table 
S5. The chain segment could hardly oriented perpendicular to the fiber axis because of the 
confinement of boundary when𝑑 → 1, so the random walk is always along the fiber axis, which leads 
to a larger thermal diffusivity along the fiber axis. With the increasing of 𝑑 , the confinement 
becomes weaker and segments oriented isotropically in the fiber, which leads to a smaller thermal 
diffusivity along fiber axis. 
 
Section S6.Diameter dependence of average coordination number 
 
Let’s consider a phonon at a certain position (ri) of a chain noted as A, the local coordination number 
is defined as Z ri = Zinter  ri +  Zintra (ri) , which is the sum of the inter-chain component 
Zinter (ri) and the intra-chain component Zintra (ri). There are always two possible hopping events 
along chain A, i.e. forward and backward, which means Zintra  ri ≡ 2. If there is no other chain 
entangled with chain A near ri  (from ri − Rintra /2 to ri + Rintra /2), Z ri = Zintra  ri = 2. If 
there is another chain (B) entangled with chain A nearri, then Z ri = 3 since Zinter (ri) = 1 which 
comes from the possible inter-chain hopping at the cross link. Therefore, Z =  Z(ri)i / pii , 
whereZ ri = 2 + Zinter (ri)  and pi  is the probability that the segment from ri − Rintra /2  to 
ri + Rintra /2 is along the fiber axis. For ultra-thin nanofibers, most macromolecular chains tend to 
align along the nanofiber as shown in Figure 1a that pi → 1. Also, very few entanglements lead to 
very few cross links that Zinter (ri) → 0. The thermal diffusivity will converge to the quasi-1D 
random walk results, αquasi −1D =
1
2
Γtot R 
2. For isotropic bulk polymer and thick nanofibers as 
shown in Figure 1b, macromolecular chains are randomly oriented that pi = 1/3. Also, the chains 
are entangled with each other that each segment may have Ξ cross links, Zinter (ri) → Ξ. The 
thermal diffusivity will converge to the 3D isotropic random walk results, αiso =
1
3 Ξ+2 
Γtot R 
2. Ξ 
is a fitting parameter because the detailed topological structure of the localized center is unclear. 
Ξ = 0 results in Z = 6 for a simple isotropic system without close entanglement. It is obvious that 
the thermal diffusivity is determined by the average coordination number, which is related to 2 
components: the dimensionality and the structure of the network, both of which are sensitively 
dependent on the diameter of the nanofibers. Here, we introduce an empirical function f d  to 
characterize the diameter confinement effect. f d  will change from 0 to 1 when d increases to 
infinity. As a result, the diameter dependence of pi can be described by pi =
1
2f d +1
, while the 
diameter dependence of Z(ri) is Z(ri)      = Ξf d + 2. The average coordination number is thus 
expressed by Z = (2f d + 1)(Ξf d + 2). 
Supposing that the only difference between nanofibers with different diameters lies in the average 
coordination number Z , the thermal conductivity of nanofibers with arbitrary diameter could be 
determined from
κquasi −1D
κ d 
=
2
Z quasi −1D
, which leads to equation (1) in the main text. 
Considering the fact that the interactions between chains are Van der Waals forces or other weak 
interactions, which are weaker than intra-chain covalent bonds, it is oversimplified to treat equally 
the intra-chain diffusion and inter-chain diffusion. For those who want to treat accurately the 
difference between intra-chain diffusion and inter-chain diffusion, a more detailed derivation of Z  is 
given following 
Since we are now discussing uncorrelated random walk that each individual walk is independent of 
all prior walks, the equation describing a random walk without correlation is given by
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 𝑹2 =   𝒓i
2 
n
i=1
 
 𝑋fiber
2 =   𝑥fiber ,i
2  
n
i=1
 
where 𝑹is the total displacement and 𝒓iis individual displacement of each step. 𝑋fiber  is the total 
displacement along the fiber axis, and 𝑥fiber ,i is the displacement along fiber axis of each individual 
step. 
In a given configuration of polymer chains, the heat carriers could either jump to an intra-chain site 
(jump length 𝑟intra  with component 𝑥fiber ,intra  along the fiber axis) or jump to another chain (jump 
length 𝑟inter  with component 𝑥fiber ,inter  along the fiber axis).Therefore, the above two equations 
reduce to 
 𝑹2 =  nintra  𝑟intra
2 +  ninter  𝑟inter
2  
 𝑋fiber
2 =  nintra  𝑥fiber ,intra  
2 +  ninter  𝑥fiber ,inter
2  
here  nintra   and  ninter   denote the average number of jumps of one heat carrier inside the chain 
or between chains, respectively. The total jumping rate is given by 
Γtotal =
 nintra  +  ninter  
T
 
where T is the total time. The thermal diffusivity along fiber axis is defined as  
α =
 𝑋fiber
2 
2T
=
 nintra  
2T
𝑥fiber ,intra  
2 +
 ninter  
2T
𝑥fiber ,inter  
2  
Effective coordination numbers are introduced here to express the thermal diffusivity by the total 
jumping rate, 
α =  
1
Z intra
eff
𝑥 fiber ,intra  
2 +
1
Z inter
eff
𝑥 fiber ,inter  
2  Γtotal  
 
where 
Z intra
eff = 2 1 +
 ninter  
 nintra  
  
Z inter
eff = 2 1 +
 nintra  
 ninter  
  
and the difference between intra-chain interaction and inter-chain inter action could be included in 
the effective coordination number by term 
 n inter  
 n intra  
. 
  
Figure S1.Sample details for PI nanofibers. (a)A single PI nanofibers passing through the gap in the 
middle of suspended device with diameter in 37nm, and length of this nanofiber is 14.8um.The scale 
bar is 10um. (b) Enlarged SEM image of the same PI nanofiber shown in (a), the scale bar is 
400nm.(c) A single PI nanofibers with diameter in 167nm. and length of this nanofiber is 
15.2um.The scale bar is 10um. (d) Enlarged SEM image of the same PI nanofiber shown in (c), the 
scale bar is 500nm. 
 
  
 
 
Figure S2.The differential circuit configuration and temperature resolution measured. (a) The 
differential circuit configuration is used to offset the nominal resistance of the Platinum/SiNx 
membrane(Rs). (b) The temperature resolution measured by differential circuit configuration. 
 
 FigureS3.Finite Element Simulations (COMSOL Multiphysics 5.2, License No: 9400382) of the 
temperature distributions in sample device. (a) Schematic of sample device in finite element 
simulation. (b) The temperature distribution of the rectangle area with black dashed border. The 
black dashed rectangle was demonstrated in (a). (c) Enlarged schematic of PI nanofiber which was 
placed across the middle gap of device (as the blue dashed rectangle demonstrates in (a)). (d)The 
temperature distribution of the PI nanofiber. The temperature rise on the heater membrane (Rh) is 
9.797K. The temperature distribution change is within 0.2% both on the heater (Rh) and sensor (Rs) 
membranes. 
 
 
 FigureS4. Calculation of thermal contact resistance. The calculated thermal resistance Rm of 
suspended PI nanofiber (d=37nm) with respect to the set value Rs with the best fit line. The figures 
illustrate that the thermal contact resistance contribute <1% to the total measured thermal resistance 
of sample in a wide temperature range. 
 
 
 
 
 
 
 
 
 
 
 Figure S5. Schematic of the diameter confinement effect on the coordination number. Molecular 
chains are formed by chain segments as the left figure shows. The confinement effect on the 
conformation of molecular chains is illustrated by the boundary confinement as the right figure 
shows. When the reduced diameter𝑑 ≤ 1, chain segments could only align along the fiber axis which 
leads to a coordination number of Zintra = 2. With the increasing of reduced diameter, the boundary 
confinement is weaker and the average effective coordination number will approach to the situation 
of free jointed chain thatZintra
eff = 6. The average effective coordination number along fiber axisZ intra
eff  
corresponding to different reduced diameter𝑑  is listed in Table S5.  
 
 
Table S1. Diameter uncertainty of PI nanofibers. 
No. Ⅰ Ⅱ Ⅲ Ⅳ Ⅴ Ⅵ Ⅶ Ⅷ Ⅸ 
Sample 
diameter(nm) 
31 37 43 44 44 62 82 95 167 
Diameter 
uncertainty(nm) 
3.5 4 3.5 3.6 3.5 4 7 7.5 6.7 
Uncertainty in 
κ 
   23% 22% 17% 17% 17% 14% 18% 17% 9% 
 
 
Table S2. The length of PI nanofibers fabricated by electrospining. 
No. Ⅰ Ⅱ Ⅲ Ⅳ Ⅴ Ⅵ Ⅶ Ⅷ Ⅸ 
Sample 
diameter(nm) 
31 37 43 44 44 62 82 95 167 
Sample  
length(um) 
20.0 14.8 20.0 20.2 20.2 15.0 15.0 21.2 15.2 
 
 
 
Table S3. Measurement uncertainty. 
Sample 
diameter(nm) 
37 62 167 
Temperature T=30K    T=300K T=30K    T=300K T=100K    T=300K 
ΔTS 8mK      33mK     65mK      87mK 60mK      71mK 
Uncertainty 2.7%      1.9% 1.4%      1.4% 2.3%      1.8% 
 
 
Table S4. The proportion of thermal contact resistance in each sample. 
  When concerning Rinterface=6.4×10
-8
m
2
KW
-1
    
Diameter(nm) 31 37 43 44 44 
RC/Rtot 1.1% 1.6% 1.1% 0.9% 1.0% 
Diameter(nm) 62 82 95 167  
RC/Rtot 2.2% 1.2% 0.6% 1.0%  
 
  When concerning Rinterface=9.7×10
-8
m
2
KW
-1
    
Diameter(nm) 31 37 43 44 44 
RC/Rtot  1.3%  1.9%  1.4%  1.2% 1.4% 
Diameter(nm) 62 82 95 167  
RC/Rtot  2.7%  1.4%  0.8%  1.3%  
 
 
 
 
 
 
 
 
 
 
Table S5. Effective intra-chain coordination numbers along fiber axis Z intra =  Zintra (ri)/i  1i  
versus reduced diameter𝑑 .  
Reduced diameter 𝒅  Average effective intra-chain 
coordination numbers 𝐙 𝐢𝐧𝐭𝐫𝐚
𝐞𝐟𝐟  
1 2 
2 3.6 
3 4.5 
4 5.0 
5 5.3 
… … 
∞ 6 
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